INTRODUCTION
The gonadotropins Follicle-stimulating hormone (FSH) and Luteinizing hormone (LH) are the main endocrine factors that regulate ovarian follicle and corpus luteum development, with several paracrine and autocrine growth factors acting as local regulators (Chun, Billig et al. 1994 , Tilly and Tilly 1995 , Abramovich, Parborell et al. 2006 , Pascuali, Scotti et al. 2015 . During luteolysis, FSH and LH induce a complex pattern of gene expression in ovarian cells that is regulated by the coordinated input from different signaling cascades, such as the cyclic Adenosine monophosphate/Protein kinase A, Phosphoinositide 3-kinase /AKT, and Extracellular signal-regulated kinase 1/2 pathways (Hunzicker-Dunn and Maizels 2006). Members of the BCL2 family have also been described as apoptotic regulatory factors in luteal cells (Korsmeyer 1992) .
Luteolysis is accompanied by changes to steroid production, vasculature, and cell survival that are each controlled by specific regulatory factors. Ovarian steroid biosynthesis is regulated by the enzymatic conversion of cholesterol to pregnenolone, which is catalyzed by the cytochrome P450scc enzyme (P450 side-chain cleavage, encoded by the gene CYP11A1). Cholesterol is actively delivered to the inner mitochondrial membrane by Steroidogenic acute regulatory protein (StAR) (reviewed in (Stocco, Telleria et al. 2007 ).
Members of the Wnt (Wingless-type mouse mammary tumor virus integration site) family were recently described as intraovarian regulators of follicle growth and corpus luteum development (reviewed by Hernandez Gifford 2015) . Wnt signaling pathway is a highly conserved system composed of secreted glycoproteins with local action that regulate key processes related to homeostasis, development, proliferation, and cell death. Canonical pathway activation involves binding of Wnt ligands to the seven-transmembrane receptor
Frizzled. This interaction results in the accumulation of hypo-phosphorylated β-catenin, which translocates to the nucleus, where it regulates transcription factor activity. When the system is not stimulated, β-catenin levels are low due to the action of a β-catenin destruction complex composed of Adenomatous polyposis coli (APC), Axin, and Glycogen synthase kinase 3 β (GSK-3β). Axin is the limiting factor that regulates the efficiency of the β-catenin destruction complex (Boyer, Goff et al. 2010) .
Various Wnt components are expressed in the postnatal ovary and some of them are differentially expressed during follicular development, suggesting a potential role for this system in follicle formation, ovulation, and luteinization (Vainio, Heikkila et al. 1999 ); (Tomizuka, Horikoshi et al. 2008) . Wnt components are expressed in granulosa, theca, and cumulus cells and in the corpora lutea of human and rodent ovaries (Boyer, Goff et al. 2010) , and the abundance of Wnt members in growing follicles increases after human Chorionic gonadotropin administration in rodents (Hsieh, Mulders et al. 2003) . The role of WNT regulating the function of FSH on cattle follicular cells has also been described (Gupta, Folger et al. 2014 , Abedini, Zamberlam et al. 2015 . The importance of Wnt signaling in the ovary is demonstrated by the phenotype associated with Wnt4 ovarian conditional-knockout mice, which exhibit a 75% reduction in antral follicles that is probably due to increased follicular atresia (Boyer, Lapointe et al. 2010) . Luteal progesterone synthesis is also decreased in granulosa cell-specific Wnt4-knockout mice, which is mediated by a decrease in the abundance of transcripts encoding STAR, cytochrome P450scc, and cytochrome P450 aromatase (encoded by the Cyp19a1 gene) (Boyer, Goff et al. 2010) . In contrast, overexpression of Wnt4 in mouse granulosa cells increased the abundance of these transcripts (Boyer, Goff et al. 2010 ).
VEGF-A plays a pivotal role in ovarian angiogenesis, in particular through the regulation of follicular and CL development induced by LH (Christenson and Stouffer 1997 , Martinez-Chequer, Stouffer et al. 2003 , Abramovich, Parborell et al. 2006 ). The canonical Wnt/β-catenin pathway is implicated in angiogenesis, vascular remodeling and differentiation in various species and organ systems (Reis and Liebner 2013) .
Little is known about the precise role of the Wnt/β-catenin signaling in the follicularluteal dynamics, and its possible relationship to ovarian vascular development. We hypothesized that Wnt signaling contributes to regulation of gonadotropin-dependent luteinization. We tested this by assessing the effect of intrabursa administration of a specific Tankyrase inhibitor (XAV939) on gonadotropin-treated prepubertal rats.
Tankyrases are enzymes that add poly-ADP-ribose to substrates (PARsylate) (Hsiao and Smith 2008 ) present in various tissues, including the ovary (Smith, Giriat et al. 1998; Kaminker, Kim et al. 2001; Lyons, Deane et al. 2001; Cook, Dynek et al. 2002) , XAV939 is a small molecule that inhibits Tankyrase 1 and Tankyrase 2, leading to the stabilization of Axin, thereby fostering β-catenin degradation -and consequently blocking all downstream canonical Wnt signaling. In the present work we examined the effect of Tankyrase inhibition on follicle and corpus luteum development, steroidogenesis, angiogenesis, and apoptosis.
RESULTS
In vivo effect of XAV939 treatment on luteal β-catenin levels β-catenin abundance was measured in corpora lutea protein extracts Western blot following XAV939 intrabursa administration to assess the potency of this small molecule.
No significant changes were observed at 48 h after administration of 1 µg (control, 
In vivo effect of Wnt/β-catenin pathway inhibition on follicular development
The acute effect of XAV939 administration on follicular development was tracked (Table 1) . No significant differences were found in any stage of follicles analyzed, whereas the percentage of corpora lutea significantly decreased in ovaries injected with XAV939 compared to the control group (P<0.05). Interestingly, treatment with the Tankyrase inhibitor produced cystic structures not present in the control animals (P<0.001) ( Figure   2a ).
Wnt/β-catenin signaling was also inhibited using ICG-001, which specifically downregulates the expression of a subset of β-catenin/T-cell factor-responsive genes. Consistent with the cystic phenotype following XAV939 administration, ICG-001 produced ovarian cysts 48 hours after administration of 5 µg (control, 0% versus ICG-001, 1.22±0.33%) (Figure 2b (Figure 3a) . The corpus luteal abundance of StAR, cytochrome P450scc, and 3β-hydroxysteroid dehydrogenase (3β-HSD) was also determined by Western blot. A significant decrease in StAR protein abundance was observed after XAV939 treatment (Figure 3b ), whereas the levels of cytochrome P450scc (Figure 3c ) and 3β-HSD (Figure 3d) did not change in comparison to the control group.
Involvement of ovarian Tankyrase inhibition in luteal proliferation and apoptotic parameters
The abundance of Proliferating cell nuclear antigen (PCNA), expressed in G1 and S phases of the cell cycle (Maga and Hubscher 2003) Consequently, the pro-apoptotic BCLXS:BCLXL ratio significantly increased in the corpora lutea of treated ovaries compared to the control ovaries ( Figure 5d ). Even though XAV939 treatment did not affect BAX protein content (Figure 5b ), the pro-apoptotic BAX:BCLXL ratio was significantly increased in the corpora lutea of treated ovaries ( Figure 5e ).
In vivo effect of Tankyrase inhibition on ERK and AKT signaling pathways in corpora lutea
To determine whether the Wnt/β-catenin pathway regulated by Tankyrases is involved in the phosphorylation of ERK and AKT, we performed a Western blot of the total and phosphorylated forms of ERK and AKT (pERK and pAKT respectively) in corpora lutea protein extracts 24 and 48 hours after XAV939 administration. No differences were found 48 hours after XAV939 treatment (data not shown). After 24 hours, ERK phosphorylation was significantly decreased in the inhibitor-treated samples compared to controls ( Figure   6a ); conversely, AKT phosphorylation was unchanged (Figure 6b ).
Effect of Tankyrase inhibition on angiogenic factors and vascular development
VEGF isoforms and endothelial cell area were analyzed to determine if the Wnt/β-catenin pathway is involved in angiogenesis regulation. The abundance of VEGF isoforms 164 and 120 were measured 48 hours after XAV939 administration. No differences were observed between groups (data not shown). Moreover, VEGF luteal levels were evaluated 24 hours after the surgery. While VEGF164 (Figure 7a ) content was no different between groups, VEGF120 was significantly lower in treated ovaries compared to the control group 
DISCUSSION
The present study was designed to determine how administration of a specific Tankyrase inhibitor would modulate Wnt/β-catenin signaling in gonadotropin-treated prepubertal rats. We demonstrated, for the first time, that in vivo inhibition of Wnt signaling impairs corpus luteum development, primarily by decreasing the number of corpora lutea and the formation of ovarian cysts; lowering STAR abundance, which decreased circulating progesterone levels; promoting apoptosis; and decreasing cell proliferation as well as ERK phosphorylation. In addition, VEGF120 content and endothelial cell area were also diminished in the corpora lutea of inhibitor-treated ovaries.
Together, these observations suggest that downstream Wnt/β-catenin signaling participates in the regulation of corpus luteum development and luteal cell function.
The crucial role of LH during luteinization is well demonstrated; however, autocrine and paracrine factors are able to modulate LH action locally (Stocco, Telleria et al. 2007 ).
Wnt signaling regulates many developmental processes, including differentiation, proliferation, and apoptosis (Logan and Nusse 2004) -each of which is dynamically involved with corpus luteum function. Wnt ligands and Frizzled G receptor are expressed in developing follicles and corpora lutea of rats, mice, humans, and cattle (Hsieh, Johnson et al. 2002; Hernandez Gifford 2015) . WNT2 and WNT4 in particular were extensively studied in the postnatal ovary, primarily by genetic manipulation of specific components of the Wnt pathway (Hsieh, Johnson et al. 2002; Hernandez Gifford 2015) . Here, we used the small-molecule inhibitor XAV939 to decrease total and nuclear β-catenin content, thus affecting the activity of most canonical Wnt signaling in the ovary. XAV939 enhances β-catenin degradation by stabilizing Axin, the concentrationlimiting component of its destruction complex (Huang, Mishina et al. 2009 ). Although Axin plays a crucial role in Wnt signaling, it is also participates in Transforming growth factor beta, p53, and Mitogen-activated protein kinase signaling (Liu, Rui et al. 2006; Guo, Ramirez et al. 2008; Li, Lin et al. 2009 ). We therefore performed key experiments with the Wnt/β-catenin inhibitor ICG-001, which has a different mechanism of action than XAV939 (Grigson, Ozerova et al. 2015) , to address phenotype specificity.
Blocking Wnt signaling in gonadotropin-treated rat ovaries, using either XAV939 or ICG-001, did not affect follicle stages, whereas ovulation and luteinization were impaired.
Indeed, the number of corpora lutea significantly decreased while a significant number of cystic structures formed. These cysts were large, unruptured follicles containing an oocyte and an attenuated granulosa cell layer surrounded by luteal cells, and clearly differed from ovarian cyst generated by an excess of androgens in a polycystic ovarian syndrome rat model (Abramovich, Irusta et al. 2012 ). This novel follicle phenotype points to the involvement of Wnt/β-catenin signaling in the LH-induced ovulatory cascade.
These results also correlate with decreased circulating progesterone levels, which may be related to the reduction in STAR protein abundance in corpora lutea. StAR regulates the delivery of cholesterol to mitochondria, and is considered the rate-limiting of progesterone biosynthesis in steroidogenic tissues (Stocco and Clark 1996) . Conversely, no differences in abundance were observed for factors involved in later steroidogenic steps, such as cytochrome P450scc, an enzyme that catalyzes the conversion of cholesterol to pregnenolone (Lieberman, Greenfield et al. 1984) ; (Waterman and Simpson 1985) , or 3β-HSD, the enzyme involved in progesterone synthesis from pregnenolone (Peng, Arensburg et al. 2002) . These findings are in agreement with a previous report in bovine luteal cells linking LH-stimulated steroidogenesis, STAR expression, and reductions in β-catenin through overexpression of GSK-3β (Roy, McDonald et al. 2009 ).
In addition to the poor ovulation phenotype, we observed that ovarian inhibition of Wnt signaling in gonadotropin-treated rats modified downstream signaling dependent on β-catenin. Although some reports implicate Wnt signaling as a modulator of AKT activity (Boyer, Goff et al. 2010 ), we did not observe any changes to AKT phosphorylation in our experimental model at the time points assessed. Conversely, XAV939-induced Wnt inhibition decreased ERK phosphorylation, suggesting some degree of crosstalk between ERK and canonical Wnt pathways in corpus luteal cells. Whether or not such signaling is related to the increased pro-apoptotic BCLXS:BCLXL and pro-apoptotic BAX:BCLXL ratios, which enhanced apoptosis of the corpus luteal cells, remains to be determined.
Experiments are in progress in our laboratory to further understand the molecular mechanism by which Wnt contributes to corpus luteum development.
The formation of new blood vessels in the ovary is essential to supply the nutrients and hormones that promote follicular growth and corpus luteum formation (Redmer and Reynolds 1996, Tamanini and De Ambrogi 2004) . Much evidence supports a role for the canonical and non-canonical Wnt pathways in vascular development, primarily by controlling the production of angiogenic factors (Reis and Liebner 2013) . VEGF is the main initiator of angiogenesis, and acts by stimulating endothelial cell proliferation.
Establishing a mature vascular network, however, requires the coordinated action of many additional factors, including Angiopoietins 1 and 2, which act via the tyrosine kinase receptor, Tie-2 (Maisonpierre, Suri et al. 1997) , and Platelet-derived growth factor B Jain 2011, Scotti, Parborell et al. 2014) . Together, these pro-angiogenic factors recruit peri-vascular cells that mature and stabilize newly formed capillaries (Suri, Jones et al. 1996 , Maisonpierre, Suri et al. 1997 . However, to our knowledge, no studies regarding Wnt signaling and CL angiogenesis have been performed. In the corpus luteum, we observed a significant decrease in the percentage of endothelial cell area and in the abundance of VEGF120 after administration of XAV939. The abundance of proliferation marker PCNA, particularly in small luteal cells and to other components of the corpus luteum, also decreased after inhibitor treatment. Indeed, cell proliferation during luteolysis does not cease: although the division of granulosa cells stops, mitosis occurs in the theca layer and fibroblasts and endothelial cells continue to divide (Peluso, Luciano et al. 1995) .
Growth of the corpora lutea in rodents primarily results from an increase in the size of large luteal cells (hypertrophy), while the number of small luteal cells and endothelial cells expands (Bachelot and Binart 2005) . Ultimately, the vascular changes associated with XAV939 treatment may have contributed to the observed impairment in the luteinization process. For example, different VEGF isoforms are known to promote specific functions in certain vascular beds (Maes, Carmeliet et al. 2002) , and are differentially expressed during corpus luteum progression (Tesone, Stouffer et al. 2005) . Clearly, further studies are needed to elucidate the precise contribution of Wnt signaling to endothelial cell growth and blood vessel stabilization during corpus luteum development.
In summary, the results of the present study provide the first evidence that Wnt/β-catenin system regulates the luteinization process in gonadotropin-treated rats. We demonstrated that the Wnt canonical pathway is involved in ovulation process and luteal progesterone production through the regulation of StAR levels. In addition, Wnt inhibition increases pro:anti-apoptotic CL protein ratio, decreases CL ERK phosphorylation and regulates the ovarian vascular development (Figure 9 ).
MATERIALS AND METHODS

Superovulation and in vivo ovarian inhibition of Tankyrase 1 and 2
Immature female Sprague-Dawley rats (21 to 23 days old) were housed at room temperature, with a 12:12h light-dark photoperiod in an air-conditioned environment and ad libitum access to food and water. Rats were subcutaneously injected with equine chorionic gonadotropin (eCG) (25 IU/rat), and 48 hours later with human Chorionic Gonadotropin (hCG) (10 IU/rat). The day of hCG administration, the rats were anesthetized with ketamine HCl (80 mg/kg) (Holliday-Scott, Buenos Aires, Argentina) and xylazine (4 mg/kg) (Konig Laboratories, Buenos Aires, Argentina). The ovaries were exteriorized through an incision made in the dorsal lumbar region for intrabursal injection. This administration route was chosen to limit diffusion of the inhibitor to the contralateral ovary, which may occur due to the low molecular weight and the hydrophobic characteristic of the inhibitors used; however, a minimal systemic effect cannot be ruled out. A pituitary effect of the inhibitor on ovulation was considered negligible because immature rats were used, and stimulated with exogenous gonadotropins. The treatment with eCG plus hCG causes a considerable (tenfold) increase in ovarian weight due to the stimulation and subsequent transformation of ovarian follicles into corpora lutea. Twenty-four or forty-eight hours after inhibitor administration, animals were euthanized by decapitation without anesthesia. Blood was collected and allowed to clot.
Steroids were extracted with ethyl ether, and progesterone was measured by radioimmunoassay. The ovaries were also collected to perform further experiments.
All experimental protocols were approved by the Animal Experimentation Committee of the Instituto de Biología y Medicina Experimental (IByME, Buenos Aires, Argentina) (PHS-NIH Approval Statement of Compliance # A5072-01).
Radioimmunoassay for progesterone
Serum progesterone was measured as described previously (Irusta, Parborell et al. 2003 ) using specific antibodies supplied by Dr. G.D. Niswender (Animal Reproduction and Biotechnology Laboratory, Colorado State University, Fort Collins, CO, USA). The intraand inter-assay variations were 8.0% and 14.2%, respectively. The detection limit of the assay was 25 pg progesterone.
Ovarian morphology
Ovaries were removed and immediately fixed in Bouin's fixative (Rosario, Santa Fe, Argentina) for 12 h, and then embedded in paraffin. Five-micron-thick sections were mounted onto microscope slides, according to the method described by Woodruff et al. (Woodruff, Lyon et al. 1990 ). Every tenth section (50-µm intervals) was mounted to prevent counting the same structure twice. One set of slides was stained with hematoxylin and eosin to count the number of different stages of follicles per ovarian section, while another set of slides was used for histochemical analysis.
Follicles were classified as primary follicles (presence of one cubic granulosa cell layer), preantral follicles, or antral follicles, according to the presence or absence of an antrum, and corpora lutea. Atretic follicles are characterized by the degeneration and detachment of the granulosa cell layer from the basement membrane, the presence of pyknotic nuclei in this cell type, and oocyte degeneration (Andreu, Parborell et al. 1998 ).
Cysts were considered as large, unruptured follicles containing the oocyte and an attenuated granulosa cell layer surrounded by luteal cells. Follicles, corpora lutea, and cysts were quantified in four ovarian sections from each ovary (eight ovaries per treatment).
These data were used to calculate the percentage of each ovarian structure due to differences in the size of the ovaries.
Isolation of Corpora lutea
Corpora lutea were dissected from the ovary under a stereoscopic microscope, as previously described (Hernandez, Peluffo et al. 2009; Accialini, Hernandez et al. 2015) .
Briefly, healthy corpora lutea from four ovaries per group were isolated, frozen, and used for biochemical assays. The results obtained from the corpora lutea of each ovary were considered as a single datum.
Western blot
For total protein extracts, corpora lutea were resuspended in 300 l of lysis buffer (20 mM Tris-HCl, pH 8, 137 mM NaCl, 1% Nonidet P-40, and 10% glycerol), supplemented with protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride [PMSF], 0.025 mM N-CBZ-L-phenylalanine chloromethyl ketone, 0.025 mM N-p-tosyl-lysine chloromethyl ketone, and 0.025 mM L-1-tosylamide-2-phenyl-ethylchloromethyl ketone) and phosphatase inhibitors (25 mM sodium fluoride, 0.2 mM sodium orthovanadate, and 10 mM b-glycerophosphate), and homogenized with an Ultra-Turrax homogenizer (IKAWerke GmbH & Co., Staufen, Germany). Samples were centrifuged at 10,000 xg at 4˚C for 10 min, and the resulting pellets were discarded.
For nuclear protein extracts, corpora lutea were homogenized in buffer TEDGS 10% (50 mM Tris pH 7.4, 7.5 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol, 0.25 M sucrose, 10 µl/ml PMSF, and 10 µl/ml protease inhibitors), and incubated on ice for 30 minutes.
The homogenate was centrifuged at 1024xg at 4˚C for 10 minutes, and the pellet was resuspended in wash buffer (TEDGS 10% + 0.01% Nonidet P-40); this centrifugation was repeated. The pellet obtained was resuspended in nucleus buffer (TEDGS 10% + 0.4 M KCl), and mechanically ruptured, incubated on ice for 30 min, and the homogenate was centrifuged at 13540xg at 4˚C for 20 minutes to obtain the nuclear fraction. The supernatant was diluted using an equal volume of buffer TEDGS 30% (50 mM Tris, pH 7.4, 7.5 mM EDTA, 0.5 mM dithiothreitol, 30% glycerol, 0.25 M sucrose, 10 µl/ml PMSF, and 10 µl/ml protease inhibitors). (Table 2) , and finally detected by chemiluminescence and autoradiography using x-ray film. Protein loading was normalized by reprobing the same blots with antibody against β-actin or Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) ( Table   2 ). Protein abundance was quantified by densitometric analysis using Scion Image Software for Windows (Scion Corporation, Worman's Mill, CT, USA).
Histochemistry
Ovaries were deparaffinized in xylene, and rehydrated by graded ethanol washes.
Endogenous peroxidase activity was blocked with hydrogen peroxide in phosphatebuffered saline (PBS), and non-specific binding was blocked for 20 min at room temperature with 2% bovine serum albumin. Sections were incubated overnight at 4˚C with 20 µg/ml biotinylated lectin from Bandeiraea simplicifolia-1 (Catalog item L3759; SigmaAldrich). After washing, the slides were incubated for 30 min at room temperature with horseradish peroxidase-conjugated avidin complex provided in the Vectastain ABC system (Vector Laboratories, Burlingame, CA, USA). Horseradish peroxidase localization was visualized with diaminobenzidine. The reaction was stopped with distilled water, counterstained with hematoxylin, and dehydrated before mounting with Canada Balsam Synthetic mounting medium (Biopack, Santa Barbara, CA, USA). Negative controls were obtained in the absence of lectin. Digital images were acquired using a camera (Nikon Corporation, Melville, NY, USA) mounted on a conventional light microscope (Nikon).
Images were converted to TIFF format (bilevel scale) for analysis. The endothelial cell area was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA) (Rasband 2007) . Four sections from each ovary were analyzed (four ovaries per treatment). Only the endothelial cell area in corpora lutea was quantified.
Data analysis
Statistical analysis was carried out using Prism software (version 4.00 for Windows, GraphPad Software, San Diego, California, USA). All experiments were performed at least three times, and each assay was performed in quadruplicate. Administration of XAV939 leads to phosphorylation and degradation of β-catenin, and subsequent inhibition of target gene expression (e.g. the Star gene). This leads to a decrease in progesterone levels, which may affect the corpora lutea survival, given that this hormone plays a protective role against apoptosis in the rodent corpus luteum (Stocco et al., 2007) .
Loss of β-catenin signaling also reduces ERK signaling, decreases VEGF-A abundance, and subsequently decreases cell proliferation. These ultimately result in a reduction in endothelial cell area, reflecting impaired corpus luteal vascular development. Table 2 . Follicular and luteal development in control and XAV939-treated rats.
The percentage (mean ± standard error) of each structure in ovarian sections, stained with hematoxylin and eosin, is displayed. *, p<0.05; **, p<0.001 compared to control ovaries.
Structure
Control (n=10) XAV939 (n=10) Primary 4.9 ± 1.2 6.3 ± 1.2 Preantral 6.3 ± 0.9 10.5 ± 2.4 Antral 34.5 ± 3.8 32.3± 5.6 Atretic 9.6 ± 2.9 10.1 ± 2.8 Corpus lutea 45.8 ± 5.0 30.9 ± 4.0* Cyst 1.0 ± 0.8 8.7 ± 1.0** 
